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A novel, proteomics based method was developed for the detection, quantification, and
categorization of serum butyrylcholinesterase (BChE) inhibitors, including organophosphates
(OPs) and carbamates (CBs). This method was based on the MALDI-TOF-MS analysis of the
trypsin generated BChE active site peptide (191-SVTLFGESAGAASVSLHLLSPR-212) previ-
ously modified by reaction with an OP or CB. The ionization efficiency of OP modified active
site peptides by MALDI was greatly improved by adding diammonium citrate to the MALDI
matrix, which made the quantification of OP exposure feasible. Excellent linearity (r2  0.98)
between the normalized abundance ratios (NARs) and OP concentrations or logarithm of
carbaryl concentration was obtained. The accuracy of the developed assay was evaluated by
comparison of IC50 and IC100 values from the assay with those determined by the Ellman
method. Results from this method were comparable with those from the Ellman method. The
advantage of the assay was that both the origin and the extent of pesticide exposure can be
determined in one analysis. Our MALDI method can provide critical evidence for the pesticide
exposure at low BChE inhibition levels even down to 3%, not available with the Ellman
method. (J Am Soc Mass Spectrom 2007, 18, 698–706) © 2007 American Society for Mass
SpectrometryThe potential for civilian exposure to cholinester-ase inhibitors is greater today than anytime inhistory. In addition to exposure by cholinesterase
inhibiting pesticides, concerns about chemical warfare
(CW) terrorism have been increasing. Several events
such as the 1988 gassing of Kurds in Iraq [1] and the
1995 Tokyo subway attack [2] point to a demand for
more accurate and sensitive methods to monitor expo-
sure to CW agents and pesticides.
To determine pesticide exposure, the U.S. Environ-
mental Protection Agency (USEPA) proposed a blood
esterase monitoring program for pesticide exposure [3]
based on the measurement of red blood cell acetylcho-
linesterase (AChE) and plasma butyrylcholinesterase
(BChE) activity. The conventional method for detection
of pesticide exposure is based on the measurement of
BChE activity by the Ellman method [4]. Unfortunately,
the Ellman method has several drawbacks. For exam-
ple, percentage decreases in BChE activity are only a
guideline, and are not accurate to determine the degree
of poisoning [5], especially at inhibition levels less than
20%. A decline in BChE enzyme activity can be caused
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doi:10.1016/j.jasms.2006.11.009by a number of ailments such as liver disease, anemia,
acute infections, cardiac failure, and renal disease. Fur-
thermore, since BChE is a nonspecific enzyme, many
common chemicals such as aspirin can influence activ-
ity measurement. More importantly, inhibiting pesti-
cides are unable to be differentiated using the Ellman
method.
Other approaches for measuring pesticide exposure
have been reported. Polhuijs et al. [6] developed a
technique to monitor pesticide exposure based on the
analysis of pesticide inhibited BChE. Their method is
based on the reactivation of the inhibited enzyme with
fluoride ions producing a phosphofluoridate, which is
identified and quantified by GC/MS. A major limita-
tion of the Polhuijs method for in vivo analysis is that
the aged phosphorylated enzyme is impossible to be
reactivated with fluoride ions. Doorn et al. [7, 8] studied
the mechanism of BChE inhibition by OPs using
MALDI-TOF-MS to detect inhibited peptide from a
tryptic digest of BChE. In addition, Fidder et al. [9]
developed a procedure for detection of nerve agent
exposure using LC/MS. Their analysis is based on the
detection of phosphorylated nona-peptides obtained
after pepsin digestion of human BChE. Since pepsin is a
nonspecific protease, reproducible pepsin digestion
was difficult to achieve greatly limiting the universal
application of this approach.
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699J Am Soc Mass Spectrom 2007, 18, 698–706 MALDI-TOF-MS TO IDENTIFY BChE, INCLUDING OPs AND CBsEquine BChE (eBChE) was utilized as a model pri-
marily because of enzyme availability. Additionally,
eBChE has a high degree of amino acid sequence
homology (93.4%) with human BChE (hBChE), making
eBChE a preferable model for hBChE [10]. Three organo-
phosphates (OPs) including methyl paraoxon, ethyl
paraoxon, and EPN oxon represented all possible types
of phosphoryl groups found in commercial OPs. Car-
baryl was selected to represent the N-methyl carbam-
ates in common commerce. Oxons were used in this in
vitro study to represent OPs. Since all types of OPs
require Phase I metabolic biotransformation to become
toxic oxons, by selecting oxons, no further metabolism
was required to facilitate the in vitro study.
In this study, we developed a combined methodol-
ogy for detection and quantification of inhibited BChE
after in vitro pesticide exposure using proteomics and
MALDI-TOF-MS. Since OPs and CB inhibit BChE by
forming a covalent bond with the active site serine
[191-SVTLFGESAGAASVSLHLLSPR-212 (Ser198 pep-
tide)] by attaching a phosphoryl or carbamyl group, our
method involves liberation of the modified active site
peptide by trypsin digestion of inhibited eBChE. To
facilitate further discussion, the unmodified active site
peptide will be referred to as the Ser198 peptide, the
active site peptide resulting from OP inhibited eBChE
will be referred to as the OP modified Ser198 peptide,
and the active site peptide resulting from CB inhibited
eBChE will be referred to as the CB modified Ser198
peptide. Using our method, pesticides involved in
BChE inhibition can be categorized and the degree of
poisoning determined based on the abundance ratio of
the modified peptide to that of the unmodified active
site peptide from mass spectrometric analysis. This
preliminary study indicates that the proteomics based
approach was more sensitive than the Ellman method.
Experimental
Chemicals
All the OPs (EPN, methyl paraoxon, and ethyl paraoxon)
and carbaryl (Figure 1) were purchased from Chem Ser-
vice, Inc. (West Chester, PA). Chemical purity of these
inhibitors was 99% as assessed by the supplier. Equine
BChE (610 units/mg solid, 50% protein of solid), butyryl-
thiocholine iodide (BTCh), 5, 5=-dithiobis-(2-nitrobenzoic
acid) (DTNB) were purchased from Sigma Chemical Co.
(St. Louis, MO). Sequencing grade modified porcine
trypsin was purchased from Promega Corp. (Madison,
WI). EPN oxon (Figure 1) was prepared by oxidization
of EPN [11]. In brief, a 2 mM EPN solution in acetoni-
trile was mixed with the same volume of 40 mM
bromine solution in acetonitrile. The resulting solution
was mixed for 1 min. After the reaction, the solution
was dried by a Speed Vacuum concentrator to remove
the excess bromine and the residue dissolved in 500 L
methanol before analysis. The chemical purity of EPN
oxon was 99% as assessed by GC/MS.eBChE Inhibition
An aliquot of eBChE (265 units, 0.22 mg total protein)
was dissolved in 400 L 50 mM ammonium bicarbonate
buffer (pH 7.8), and incubated with OPs (dissolved in
methanol) for 1 h, or with carbaryl for 30 min at 37 °C.
The final concentration of methanol was less than 0.05%
(vol/vol) and did not significantly affect enzyme activity.
eBChE Activity
A modified Ellman assay [4] was used to measure the
eBChE activity. BTCh (4 L, 0.25 M) and DTNB (16 L,
0.02 M) were added to 1 mL phosphate buffer (50 mM,
pH  8), and the resulting solution was used as a
baseline for later measurements. An aliquot of inhibited
eBChE or control was added to the above solution and
the absorbance of the solution was measured at 412 nm
for 10 min. By plotting absorbance against time, a linear
correlation was obtained (r2  0.99). The slope of the
line was calculated from three replicate measurements,
and mean slope values were used in all calculations.
Resulting data were converted to the relative activity
(percent of the control).
Trypsin Digestion
Trypsin digestion was performed in a 60% 60 mM
NH4HCO3:40% acetonitrile solution at a mass ratio of
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Figure 1. Structures of pesticides used in this study along with
the tryptic active site peptide (Ser198) and peptide modifications
resulting from inhibition of eBChE with these pesticides.20:1 eBChE to trypsin and incubated at 40 °C overnight.
700 SUN AND LYNN J Am Soc Mass Spectrom 2007, 18, 698–706Acetonitrile was added as a mild protein denaturant
[12] to each sample to increase trypsin activity. Formic
acid was used to terminate the reaction.
MALDI-TOF-MS Analysis
The matrix solution was 10 mg/mL -cyano-4-
hydroxycinnamic acid (CHCA) in 50% (vol/vol)
acetonitrile/50% (vol/vol) aqueous 0.1% (vol/vol) tri-
fluoroacetic acid. Sample preparation for the MALDI
experiment involved addition of 1 L of a 1 mM
diammonium citrate solution [13] to 1 L analyte and
1 L of matrix. One L of the resulting mixture was
applied to the MALDI massive target (Bruker, Billerrica,
MA). Samples were allowed to air dry and crystallize
before the target was loaded into the mass spectrome-
ter. An Autoflex MALDI-TOF (Bruker) mass spectrom-
eter was used for all analyses. Standard instrument
parameters for peptide analysis were used. All spectra
resulted from an average of 300 laser shots. A standard
peptide mixture consisting of angiotensin II and vaso-
pressin was used to provide external mass calibration.
A trypsin autolysis product at m/z 842.51 was used for
internal mass calibration. Identities of each OP and CB
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Figure 2. Typical example of MALDI-TOF-MS
and (b) treated sample with 0.2 M ethyl para
average masses of peptides. Peak at m/z 2336.2 c
Ser198 peptide, peak at m/z 2200.2 is the unmod
peak at m/z 2222.1 is the native reference peptide.modification were confirmed by analyzing modified
Ser198 peptides using post source decay (PSD) MALDI-
TOF-MS. The time ion selector was set for the modified
peptide and the ion selector window was 1% of the
m/z value of the precursor ions. Reflectron voltages of
20, 16, 13.11, and 10.61 kV were used to obtain PSD
spectra.
Calibration Curves
Under optimum analysis conditions, linearity was eval-
uated over pesticide concentration ranges between 0 to
10 M. Chosen concentration ranges for each pesticide
were based on their inhibition efficiency. Relative activ-
ity (the percentage activity of pesticide inhibited eBChE
relative to the control), and the abundance ratios (abun-
dance of modified Ser198 peptides or the unmodified
Ser198 peptide) relative to a native reference peptide
(220-AILQSGSSNAPWAVTSLYEAR-240, a sibling tryptic
peptide from BChE observed at m/z 2222.1) were re-
corded in triplicate. NARs were obtained by dividing
the abundance ratios of modified Ser198 peptides or
unmodified Ser198 peptide by the total abundance of all
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further used for construction of calibration curves.
Determination of IC50
Two linear regression lines were obtained by plotting
NARs of the unmodified Ser198 peptide versus OP
concentrations and the NARs of the OPmodified Ser198
peptide versus OP concentrations. These IC50 values
from the MALDI method were calculated from the
intercept of these two regression lines. Determination of
IC50 for methyl paraoxon was different from the other
OPs due to the contribution of the aged peptide (further
removal of the alkyl group from phosphate group) that
required an additional regression line. The IC50 value
for methyl paraoxon was determined when the NAR of
the unmodified Ser198 peptide equaled to the sum of
NAR of the OP modified Ser198 peptide and the aged
Ser198 peptide.
Additional IC50 values were obtained for the Ellman
method by plotting relative activity versus OP concen-
tration. These IC50 values were determined from the
regression line equations when relative activity equals
50%. Carbaryl IC50 values from the MALDI and Ellman
methods were calculated using the same approach as
OPs. A linear relationship of NAR or relative activity
with logarithmic carbaryl concentration (plot not shown)
was used for the calculation.
Determination of IC100
The OP IC100 values from the MALDI and Ellman
methods were determined by extrapolating lines of
NAR of unmodified Ser198 peptide and relative activity
to the x-axis intercept. The carbaryl IC100 value was
determined using the same approach and linear regres-
sion lines of NAR or relative activity with the logarithm
of carbaryl concentration.
Results
Method Optimization and MALDI-TOF-MS
Analysis
A number of ammonium salts were evaluated to im-
prove the desorption/ionization efficiency of OP mod-
ified Ser198 peptides in the MALDI experiment. A
matrix additive containing diammonium citrate was
found to be the most effective in combination with the
common CHCA matrix. Results of a concentration
study indicated that 1 mM diammonium citrate pro-
vided the greatest sensitivity enhancements compared
with other concentrations (data not shown).
The optimized MALDI-MS was used to analyze all of
control and pesticide-treated samples. Figure 2 shows a
typical example of MALDI-TOF-MS spectra for control
and treated eBChE (0.2 M ethyl paraoxon resulting in
18% inhibition). The OP modified Ser198 peptide at m/z
2336.1 was determined by comparing the mass spectrabefore (Figure 2a) and after (Figure 2b) treatment. Peaks
with an average mass corresponding to the unmodified
Ser198 peptide (m/z 2200.1) appeared in both control
and treated sample with 0.2 M ethyl paraoxon. The
peak at m/z 2222.1 was observed in all samples and was
used as the native reference peptide in this study.
Other modified Ser198 peptides from methyl para-
oxon, EPN oxon, and carbaryl were determined in the
same way as the OP modified Ser198 peptide from
ethyl paraoxon. Peaks with average masses corre-
sponding to modified Ser198 peptides and unmodi-
fied Ser198 peptide were observed in mass spectra of
tryptic digests of OP and CB inhibited eBChE (data
not shown). Table 1 summarizes the observed MH
peaks with average masses corresponding modified
Ser198 peptides resulting from eBChE treated with 1
M each individual pesticide. Modifications were
determined based on the mass differences (Table 1)
between a modified Ser198 peptide and the unmodi-
fied Ser198 peptide. For example, the mass difference
(Table 1) between the OP modified Ser198 peptide at
m/z 2336.2 and the unmodified Ser198 peptide at m/z
2200.2 was 136 Da, which was consistent with ethyl
paraoxon. This mass difference took into account a
proton loss from the catalytic serine during the
phosphorylation reaction. Based on this mass differ-
ence, the modified group was deduced to be an
O,O-diethyl-phosphate. Using the same approach,
two modifications were determined for methyl para-
oxon as O-methyl-phosphate and O,O-dimethyl-
phosphate, which corresponded to OP modified
Ser198 peptides at m/z 2293.2 and 2308.2, respec-
tively. Similarly, the modification from EPN oxon
was O-ethyl-phenylphosphonate and the OP modi-
fied Ser198 peptide was observed at m/z 2368.2. The
modification for carbaryl was the N-methylcarbamate
moiety and the CB modified Ser198 peptide was
observed at m/z 2257.2.
Post Source Decay (PSD) Analysis
The addition of diammonium citrate greatly improved
the detection signal of OP modified Ser198 peptides,
which allowed detailed PSD experiments to confirm the
presence of phosphorylated and carbamylated pep-
tides. A typical PSD analysis of precursor ion (average
m/z 2336.2) is shown in Figure 3, which corresponds to
the OP modified Ser198 peptide modified with O,O-
diethyl-phosphate. The timed ion selector of MALDI
was set for the series modified Ser198 peptide precur-
sors (Table 1). Results from the PSD analysis showed a
common fragment ion at m/z 2182.1 for all of the
precursor ions (Figure 3). Neutral loss fragments were
deduced from the mass differences between the precursor
ions and product ions since the fragment ion atm/z 2182.1
was formed by elimination of the modifying group on the
active site serine to form a homoalanine moiety. Fragment
ions at m/z 2182.1 from precursor ions at m/z 2308.2,
2336.2, 2368.2, and 2257.2 were generated by the neutral
eptide
702 SUN AND LYNN J Am Soc Mass Spectrom 2007, 18, 698–706loss of (CH3O)2P(O)OH (126 Da), (CH3CH2O)2P(O)OH
(154 Da), (CH3CH2O)P(O)(OH)(C6H5) (186 Da), and
CH3NHC(O)OH (75 Da), respectively. However, the
precursor ion at m/z 2293.5 from the aged O-methyl
phosphorylated Ser198 peptide produced two product
ions at m/z 2199.5 and m/z 2182.1, which corresponded
to loss of CH3OPO2 (94 Da) and CH3OP(O)(OH)2 (112
Da), respectively (spectrum not shown). Based on neu-
tral loss information, the MALDI method clearly distin-
guished the various phosphoryl or carbaryl moieties
modifying Ser198 peptide.
Linearity and Limits of Detection
An aliquot of stock eBChE solution (0.66 units/L) was
treated with individual OP or CB solutions at a series of
concentrations. The concentration range for each pesti-
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Figure 3. Typical PSD analysis of precursor ion
O,O-diethylphosphoryl modified Ser198 peptid
inhibited eBChE. The dominant product ion a
Table 1. Masses of observed MH (average mass) for the unmo
pesticides
Pesticide
Unmodified
Ser198
peptide
(m/z)
Modified
Ser198
peptide
(m/z)
ma
(Da)
Methyl paraoxon 2200.2 2308.2 108
Ethyl paraoxon 2200.2 2336.2 136
EPN oxon 2200.2 2368.2 168
Carbaryl 2200.2 2257.2 57
aMass difference between the unmodified and the modified Ser198 p
catalytic serine during the phosphorylation or carbamylation reaction.O,O-diethyl phosphoric acid from the precursor ion.cide was determined by the degree of eBChE inhibition
level (inhibition level  relative activity  1). The
chosen pesticide concentration range was selected to
cover a full eBChE inhibition range (between 0 to 100%).
The inhibition level was examined by enzyme activity
measurement using the Ellman method.
Average relative activities and NARs (n  3) are
shown in Table 2. Graphs of NARs versus pesticide
concentrations were plotted according to these data.
Two typical plots of NARs versus EPN oxon concentra-
tions and NARs versus carbaryl concentrations are
shown in Figure 4. A linear relationship was observed
between the NARs of the OP modified Ser198 peptide
and concentrations of all three OPs. For the Ellman
method, a linear relationship was also observed be-
tween relative activities and concentrations of all three
OPs (Figure 5). However, for CB, both the MALDI and
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703J Am Soc Mass Spectrom 2007, 18, 698–706 MALDI-TOF-MS TO IDENTIFY BChE, INCLUDING OPs AND CBsEllman methods produced a logarithmic relationship
(Figure 4b and Figure 5b).
Linear regression coefficients (r2), concentration ranges,
and inhibition levels from the curves are shown in
Table 3. The r2 values for the modified Ser198 peptide
curves were acceptable ( 0.98), considering the com-
plex nature of the tryptic peptide mixture. However, the
r2 of the aged Ser198 peptide from methyl paraoxon
was reduced to 0.92, perhaps due to the poor ionization
efficiency of this OP modified Ser198 peptide carrying
the additional negative charge.
The MALDI limit of detection defined as signal-
to-noise ratio of 3 was 17.5 pg for OP modified Ser198
peptides produced from 0.18 g eBChE treated with
pesticides at 3% inhibition level. Our MALDI method
clearly identified and quantified eBChE inhibitors at
such low inhibition level (3%). This MALDI method
was found to be more sensitive than the Ellman
method, which cannot give absolute detection of pesti-
cide exposure at inhibition level less than 20%.
Table 2. Normalized abundance ratios (NARs) of unmodified S
of eBChE treated with methyl paraoxon, ethyl paraoxon, EPN ox
Methyl paraoxon
concentration (M)
NARs of unmodified Ser198
peptide (m/z 2200.1)
NAR
0.00 1.00
0.10 0.97  0.02
0.20 0.87  0.03
0.50 0.75  0.05
1.00 0.62  0.08
1.80 0.38  0.07
Ethyl paraoxon
concentration (M)
NARs of unmodified Ser198
peptide (m/z 2200.1)
0 1.00
0.1 0.97  0.01
0.2 0.90  0.05
0.5 0.70  0.06
0.8 0.55  0.05
1.0 0.56  0
1.5 N/A
EPN oxon
concentration (M)
NARs of unmodified Ser198
peptide (m/z 2200.1)
0 1.00
0.2 0.89  0.02
0.5 0.76  0.01
0.7 0.69  0.03
1.0 0.45  0.05
2.0 0.19  0.01
2.5 N/A
Carbaryl
concentration (M)
NARs of unmodified Ser198
peptide (m/z 2200.1)
1 0.84  0.02
1.5 0.75  0.03
2.5 0.68  0.05
3.0 0.58  0.06
4.0 0.50  0.05
5.0 0.42  0.06
8.0 0.23  0.03
10.0 0.13  0.01Method Evaluation
The MALDI method was evaluated by comparing the
IC50 and IC100 values from the MALDI method and
those from the Ellman method. All OP IC50 and IC100
values were determined from NAR versus OP concen-
tration (MALDI method) plots or relative activity ver-
sus OP concentration (Ellman method) plots. Typical
examples for EPN oxon are shown in Figure 4 and
Figure 5. In contrast, IC50 and IC100 values for carbaryl
from both methods were determined from the linear
regression between NAR or relative activity and loga-
rithm of carbaryl concentration (plots not shown). Table 4
summarizes IC50 and IC100 values obtained from both
the MALDI and Ellman methods.
Method Precision
The CD modified Ser198 peptide at m/z 2257.2 from the
tryptic digest of eBChE treated with carbaryl at 50%
peptide, modified Ser198 peptide, and relative activities
nd carbaryl at different concentrations
aged peptide
z 2294.1)
NARs of modified Ser198
peptide (m/z 2308.1)
Relative
activity (%)
N/A N/A 100
0 0.03  0.01 96.6  2.5
4  0.01 0.08  0.01 95.3  3.1
5  0.01 0.17  0.02 74.2  0.5
1  0.03 0.27  0.02 55  1.0
3  0.01 0.48  0.05 35.0  1.5
NARs of modified Ser198
peptide (m/z 2336.1)
Relative
activity (%)
N/A 100
0.03  0.01 100  3.5
0.10  0.05 82.3  2.5
0.30  0.02 71.6  3.0
0.45  0.05 53.7  1.5
0.44  0.02 35.9  2.5
1.00 0.65  0.5
NARs of modified Ser198
peptide (m/z 2368.1)
Relative
activity (%)
N/A 100
0.11  0.01 100  3.5
0.24  0.02 71.2  2.5
0.31  0.03 60.3  2.0
0.55  0.04 55.5  2.0
0.81  0.02 5.76  1.5
1.00 0.15  0.5
NARs of modified Ser198
peptide (m/z 2257.1)
Relative
activity (%)
0.16  0.02 95  1.5
0.25  0.03 90  1.0
0.32  0.01 75  1.5
0.42  0.04 65  2.0
0.50  0.03 45  3.2
0.58  0.05 40  4.0
0.77  0.02 33  1.0er198
on, a
s of
(m/
0.0
0.0
0.1
0.10.87  0.05 25  1.2
704 SUN AND LYNN J Am Soc Mass Spectrom 2007, 18, 698–706inhibition level was used to examine the method preci-
sion. The precision of the intra-daily (seven times per
day) and inter-daily (three times per day for three
consecutive days) analytical determinations were eval-
uated based on the calculation of the relative standard
deviation (R.S.D.) of the peak NARs. The obtained
R.S.D. values of intra-day (3.0%) and inter-day (4.5%)
indicated acceptable method precision.
Discussion
The goal of this study was to develop and evaluate an
improved method for the analysis of OP and CB
exposure using MALDI-TOF-MS and eBChE as a
model system. The main advantage of this approach
is that both the type of inhibitor and the extent of
inhibition can be determined in a single assay. The
developed method was based on the analysis of modified
Ser198 peptides obtained from tryptic digestion of pesticide
treated eBChE. The amino acid sequence of the tryptic
peptide containing active site serine from eBChE is 191-
SVTLFGESAGAASVSLHLLSPR-212 (calculated MH at
m/z 2200.5), where the catalytic serine is underlined. The
active site tryptic peptide from eBChE is smaller than that of
hBChE (219-SVTLFGESAGAASVSLHLLSPGSHSLFTR-247
calculated MH at m/z 2929.5). The difference is due to
substitution of Gly lining the active site gorge of hBChE
for an Arg212 (the cleavage site for trypsin digestion) in
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Figure 4. Typical plots of the normalized abundance ratio
against the EPN oxon concentration (a), carbaryl concentration (b).
The IC100s were determined from the points by extrapolation of
regression lines to x-axis. Results are expressed as mean  SD
(n  3). Similar plots for all the other OPs (data not shown).eBChE (*note—the amino acid numbering system forhBChE is different due to the 28 amino acid signaling
sequence (Uniprot P06276)). Despite this dissimilarity,
both eBChE and hBChE follow a similar inhibition
mechanism at the active site serine.
Initial experiments in this study were problematic.
Regardless of the concentration of tryptic peptides or
concentration of inhibiting pesticide, no modified
Ser198 peptides were observed in the MALDI mass
spectrum. Asara and Allison [14] described the use of a
matrix additive solution, diammonium citrate, to en-
hance the MALDI response of phosphorylated pep-
tides. Incorporation of diammonium citrate into our
protocol greatly improved the ionization efficiency of
alkyl phosphorylated peptides, which made the quan-
tification of OP exposure feasible. Asara and Allison
[14] proposed that diammonium citrate improved the
detection signal of phosphorylated peptides by neutral-
izing the negative charge present on the phosphate
group. However, this cannot completely explain the
benefits of this matrix modifier since the alkyl phos-
phorylated peptides in our study carried no negative
charge that required neutralization. Nevertheless, addi-
tion of diammonium citrate to the MALDI matrix
facilitated observation and quantification of the modi-
fied Ser198 peptides.
One of the main advantages of the MALDI method is
that it can differentiate between pesticide exposures
(including OPs and CB). Using the newly developed
method, modified Ser198 peptides were identified by
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Figure 5. Plots of relative activity against OP concentrations (a),
and carbaryl concentration (b). Results are expressed as mean 
SD (n  3).
705J Am Soc Mass Spectrom 2007, 18, 698–706 MALDI-TOF-MS TO IDENTIFY BChE, INCLUDING OPs AND CBscomparing the MALDI mass spectra before and after
treatment. The selectivity of the MALDI method, de-
scribed as the ability to discriminate the analyte from
potential interfering peptides, was also evaluated using
PSD analysis. In the PSD analysis, one common frag-
ment ion at m/z 2182.1, corresponding to a neutral loss
of alkyl phosphoric acid from the active site serine, was
observed as a dominant fragment ion for each modified
peptide (Table 1). The dominant product ion was pro-
duced because phosphate elimination occurred at a lower
energy compared with peptide bond cleavage [15, 16].
Based on the mass difference between the precursor ion
and the common product ion in the PSD analysis, the
BChE inhibitor was confirmed. As such, this MALDI
method was much superior to the Ellman method, which
cannot provide inhibition source information.
The quantification accuracy and linearity of the MALDI
method were improved through utilization of a native
reference peptide [17]. The extent of the inhibition was
determined based on the NARs, which were obtained
through the abundance ratios of modified Ser198 peptides
and unmodified Ser198 peptide relative to the native refer-
ence peptide. The native reference peptide (m/z 2222.1) was
generated from tryptic digest of eBChE (amino acid
sequence: 220-AILQSGSSNAPWAVTSLYEAR-240). It is
well documented that quantification using MALDI can
be disturbed by several external influences such as the
crystal forms of matrix on target, the laser power used
for collecting the mass spectra, and different analyte
response factors. Therefore, the native reference peptide
at m/z 2222.1 was selected to minimize or eliminate
these influences since this tryptic peptide had no
missed cleavages, no modified amino acids, and a
similar MALDI response to the unmodified Ser198
Table 3. Linearity and LODs for OPs and CB
Calibration curves for
modified Ser198 peptide
r2 for the mod
Ser198 pept
Methyl Paraoxon y 0.2612x 0.0133 0.99
Ethyl Paraoxon y 0.6224x 0.0319 0.98
EPN Oxon y 0.6224x 0.0319 0.98
Carbaryl y 0.2978ln(x) 0.1073 0.98
aInhibition level  relative activity  1.
Table 4. IC50 and IC100 values from MALDI method and the Ell
Pesticide
IC50 (M) from
MALDI
IC50
Ellm
Methyl Paraoxon 1.40  0.08 1.
Ethyl Paraoxon 0.85  0.05 0.
EPN Oxon 1.16  0.01 1.
Carbaryl 3.74  0.03 4.46 peptide (m/z 2200.2). All these properties of the native
reference peptide satisfied the criteria for an ideal
native reference peptide as proposed by Ruse et al. [17].
The relative abundance ratios between the modified
Ser198 peptides and the unmodified Ser198 peptide and
the native reference peptide reflect the extent of the
pesticide exposure.
Plots of NAR (Figure 4) or relative activity (Figure 5)
for carbaryl were different from those obtained from
OPs. As shown in Figure 4b and Figure 5b, both
methods produced a logarithmic relationship between
the NAR or relative activity and carbaryl concentration
(Figure 4b and Figure 5b), while a linear relationship
was observed for all three OPs using both the MALDI
and Ellman methods. Generally, eBChE inhibition oc-
curs via the formation of an enzyme-inhibitor complex
followed by inhibitor esterification of the active site
serine and release of a leaving group. However for CB
inhibited eBChE, rapid, spontaneous reactivation of the
carbamylated enzyme can occur. This change in the
mechanism of inhibition for carbaryl suggests an expla-
nation for the nonlinear relationship between NAR or
relative activity against carbaryl concentration. Plotting
NAR or relative activity versus the logarithm of carba-
ryl concentration produced a linear regression in agree-
ment with the study of Rao et al. [13].
The MALDI method was evaluated by comparing
IC50 and IC100 values from this method with the Ellman
method. Mass spectra were collected from the tryptic
digests of eBChE inhibited with OPs and CB. Data from
these spectra were used to plot NAR values as function
of pesticide concentration. Considering the grossly dif-
ferent methods used to generate inhibition concentra-
tion (IC) values, surprisingly, the average IC values
r2 for the aged
Ser198
peptide
Concentration
ranges (M)
Inhibition
ranges
(%)a
LODs
(inhibition
levela)
0.92 0–1.8 0–100 3
N/A 0–1.5 0–100 3
N/A 0–2.5 0–100 3
N/A 0–10 0–100 3
method
) from
ethod
IC100 (M)
from MALDI
IC100 (M) from
Ellman method
0.30 2.87  0.09 2.56  0.35
0.15 1.66  0.06 1.55  0.35
0.20 2.43  0.01 2.15  0.31ified
ideman
(M
an m
27 
79 
07 0.30 20.0  0.03 20.9  0.11
706 SUN AND LYNN J Am Soc Mass Spectrom 2007, 18, 698–706obtained from the MALDI method were very similar to
those obtained from the Ellman method (Table 4). For
example, the average MALDI IC50 value for EPN oxon
was 1.16  0.01 M whereas the average Ellman IC50
value for EPN oxon was 1.07 0.20 M. Additional and
significant improvements in the analytical standard devi-
ations were observed from the MALDI method compared
with the Ellman as evidenced by the EPN oxon data.
Conclusions
A new MALDI method was developed to provide
unambiguous identification of the modified Ser198 pep-
tides produced from tryptic digest of inhibited eBChE
using MALDI-TOF-MS. Additions of diammonium
citrate to the MALDI matrix significantly improved
desorption/ionization characteristics of alkyl phos-
phorylated peptides that allowed sensitive and accurate
detection of OP exposure. Furthermore, a surprisingly
good linear relationship was observed between the
abundance of the modified Ser198 peptides and OP
concentration or log carbaryl concentration over the
whole range of inhibition level provided quantification
of pesticide exposure. The novel MALDI approach
provided clear evidence of phosphorylation even at
very low inhibition levels (3%) and is more sensitive
than the Ellman method, which can only provide affir-
mative information for pesticide exposures resulting in
greater than 20% eBChE inhibition. While the presented
MALDI method may have limited clinical utility, it can
provide extremely useful information in a laboratory
setting and may lead to further development methods
for the diagnosis of pesticide exposure.
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